Abstract This study measured trap induction and trapping on agar disks as affected by juvenile stages (J1, J2, J3, and J4) of the nematode Caenorhabditis elegans and by species of nematode-trapping fungi. Eight species of nematode-trapping fungi belonging to the family Orbiliaceae and producing four kinds of traps were studied: adhesive network-forming Arthrobotrys oligospora, A. vermicola, and A. eudermata, constricting ring-forming Drechslerella brochopaga, and Dr. stenobrocha, adhesive column-forming Dactylellina cionopaga, and adhesive knob-forming Da. ellipsospora, and Da. drechsleri. The number of traps induced generally increased with increasing juvenile stages of C. elegans. The ability to capture the juveniles tended to be similar among isolates that produced the same kind of trap but differed among species that produced different kinds of traps. Trapping by Dr. stenobrocha and Da. cionopaga was correlated with trap number and with juvenile stage. A. oligospora and A. vermicola respectively captured more than 92 and 88% of the J1, J3, and J4 but captured a lower percentage of J2. The knob-producing isolates captured more younger than elder juveniles. Partial correlation analyses demonstrated that the trap induction of the most fungal species positively correlated with the juvenile size and motility, which was juvenile stage dependent. Overall, trap induction and trapping correlated with C. elegans juvenile stage (size and motility) in six species of trapping fungi.
Introduction
Nematode-trapping fungi are potential biological control agents against plant-and animal-parasitic nematodes [1, 2] . These fungi form various traps to capture, kill, and digest nematodes as a food source [3, 4] . Most species of trapping fungi are in the family Orbiliaceae, Ascomycota [5, 6] , in which five kinds of traps have been recognized and studied. The adhesive network (AN), adhesive knob (AK), nonconstricting ring (NCR), and adhesive column (AC) are adhesive traps. They capture nematodes by means of an adhesive layer covering part or all of the trap surfaces. The fifth trap, constricting ring (CR) captures preys by mechanical mechanism. When a nematode is passing through a ring, the three ring cells are triggered to swell rapidly inwards and firmly lasso the victim within 1-2 s [7, 8] .
When growing on agar, some species of trapping fungi do not produce traps unless they are ''induced'' and other species produce traps without induction but produce more traps if induced [4] . The nematodetrapping fungi can be induced to form traps by substances such as sterile filtrate of nematode cultures, human blood serum, extracts from earthworms, CO 2 , cellophane, small peptides, lectins, cow feces, soil, and soil extracts [4, [9] [10] [11] [12] [13] [14] . Nordbring-Hertz [15] showed that the direct contact of living nematodes with hyphae was very effective at inducing traps and was more effective than peptides. Although many substances can induce traps, nematodes are considered the most effective [16] .
The bacterivorous nematode Caenorhabditis elegans is a useful laboratory model, in part because it requires simple growth conditions and has a rapid generation time [17] . The nematode develops through four juvenile stages (J1-J4) and then into an adult. The interaction between C. elegans and nematodetrapping fungi could differ depending on nematode stage because surface carbohydrates, which are likely to interact with the fungi, differ among stages of C. elegans [18] . A mixture of juveniles and adults of both sexes of C. elegans was used to study the adhesion and infection of nematodes by the endoparasitic fungus Drechmeria coniospora [19] , and a mixture of J1, J2, and dauer juveniles of srf mutants, and the wild type of C. elegans was used to assay the predatory behavior of four trapping fungi producing adhesive networks [20] . Jansson [21] separated C. elegans into adults, 3rd-and 4th-stage juveniles, and 1st-and 2nd-stage juveniles to study infection by Drechmeria coniospora, and Ahrén et al. [22] used the J1 of C. elegans to study gene expression and transcriptional response [23] during the infection of nematodes by the nematode-trapping fungus Dactylellina haptotyla. However, the exact effect of different nematodes or different juvenile stages of the same nematode as well as the nematode size and motility on trap induction and trapping of nematodetrapping fungi remains unknown. The objective of the present study was to investigate the interaction between the four juvenile stages as well as their size and motility of C. elegans and eight species of nematode-trapping fungi. Both induction of traps and trapping were quantified.
Materials and Methods

Fungi
Eight species of nematode-trapping fungi (one isolate each) were used in this study. The fungal isolates were maintained on PDA slants at 4°C during the study. These species produce AN, CR, AC, or AK (Table 1) . Potato dextrose agar (PDA, Difco) and tenth-strength corn meal agar (CMA/10, BBL) were used in the study.
Preparation of C. elegans Juveniles
The wild type of C. elegans Bristol strain N2 was used. The nematode was cultured and maintained by the protocol described by Brenner [24] and Sulston and Hodgkin [25] with minor modifications. The nematodes were grown at 22°C in liquid nematode growth medium (NGM) using Escherichia coli OP50 as the food source. After about 4 days in the medium, when the nematodes were predominantly in the gravid (body filled with eggs) stage, they were collected on a 35 lm-aperture sieve, washed with sterile water, and then subjected to a sodium hypochlorite treatment to isolate the eggs [26] . The purified eggs were allowed to hatch overnight at 22°C without bacteria to obtain J1 juveniles. Bacteria were then provided to the J1, and J2, J3, and J4 were harvested after [16] [17] [18] [23] [24] [25] , and 33-35 h, respectively. The J2 were collected on a 20 lm-aperture sieve, while J3 and J4 were collected on a 30 lmaperture sieve.
Measurement of Juvenile Size of C. elegans
Body length and sagittal cross-sectional area of juvenile were measured from images captured under Nikon eclipse 80 i microscope [27] . Twenty juveniles of each stage were selected as 20 replicates. Surface area was estimated by approximating the nematode as a cylinder. The sizes of J2, J3, and J4 were transformed into J1 equivalents according to their surface area.
Measurement of Juvenile Motility of C. elegans
The motility of the four juvenile stages was tested using the method described by Mendoza de Gives et al. [20] . A 4-cm-diameter concentric ring was marked on the reverse side of a 6-cm-diameter plastic Petri dish containing CMA/10. The area inside the concentric ring was designated as area 1, the outside as area 2. One drop (25 ll) of a nematode suspension containing 200 juveniles of each stage was placed onto the center of the plate, which was left uncovered until excess water was absorbed or evaporated and then incubated at 25°C. The nematodes in areas 1 and 2 were counted 0.5, 1.0, 2.0, and 3.0 h after inoculation. Each juvenile stage was represented by three replicate Petri plates. The percentages of nematodes that moved into area 2 versus the total number on the plate at each time interval were calculated and analyzed using SPSS 13.0. The percentages of juveniles that had moved from area 1 to area 2 after 1 h of nematode inoculation were used as juvenile motility for partial correlation analysis.
Trap Induction and Trapping on Agar Disks
Trap induction and trapping were quantified using methods derived from Cooke [28] and Migunova and Byzov [29] . Petri dishes (6 cm diameter) containing PDA were inoculated with three disks (approximately 3 9 3 mm 2 ) of each of the eight fungal isolates. The dishes were incubated at 25-27°C for 2-10 days. When the diameter of each colony was approximately 1.6 cm, 2-mm-diameter disks were cut from the colony margin and placed upside down onto Petri dishes containing CMA/10. Each CMA/10 plate was inoculated with eight disks of the same isolate and was incubated at 25-27°C for 2-5 days. When the diameter of each colony was 1.4 cm, 1-cm-diameter disks (about 2 mm thick) supporting the 2-mm disks were made. The 2-mm disks were removed, and the 1-cm disks were transferred to new Petri dishes containing no medium. A nematode suspension (25 ll containing approximately 200 juveniles of a given stage) was added to the surface of each disk and incubated at 25-27°C. The traps, trapped nematodes, and nontrapped nematodes on each disk were counted with a light microscope after 24 h. Counts were based on viewing five fields along a concentric ring at 10 9 magnification. There were five disks for each combination of fungal isolate and juvenile stage in each plate, and five nematode-free disks for each isolate were served as control. Each disk was served as a replication. The agar disk experiment was performed three times.
Statistical Analysis
The interaction between fungal isolate and juvenile stage on trap induction and trapping was determined by analysis of variance (ANOVA). When ANOVAs were significant, means were separated based on least significant difference (LSD) at 0.05. Partial correlation analysis was performed among nematode juvenile size and motility, fungal trap induction and trapping. All analysis was carried out with SPSS software packages (SPSS 13.0).
Results
Motility of Four Juvenile Stages of C. elegans
Caenorhabditis elegans juvenile motility increased with juvenile stage. Thirty minutes after inoculation, the following percentages of juveniles had moved from the center of the plate (area 1) to area 2: 0% of J1, 6% of J2, 14% of J3, and 15% of J4. By 1 h, the percentages of J2, J3, and J4 that had moved to area 2 had increased to 13, 19, and 23%, respectively. At 2 h, only 5% J1 had moved to area 2. Some nematodes crawled back to area 1 from area 2 after 1 h, which resulted in a small underestimation of nematode motility (data not shown).
Trap Induction and Trapping on Agar Disks
Arthrobotrys eudermata did not produce traps when inoculated with J1 and J2, while produced traps when inoculated with J3 and J4, it captured few nematodes (data not shown). Similarly, Dr. brochopaga produced few constricting rings by 48 h and trapped few or no nematodes (data not shown). These fungi are excluded from the analysis of trap induction and trapping.
The ability of nematode to induce traps in the other six fungi increased with juvenile stage of C. elegans (Fig. 1) . Irrespective of trap type, fungal species, or age of colony, J4 induced the most traps, followed by J3, J2, and J1. There was an obviously significant difference between J1 and J4 in the inducement of traps (P \ 0.001). Da. cionopaga, Da. ellipsospora, and Da. drechsleri formed traps in the absence of juveniles but formed more traps when juveniles were present (data not shown). A. oligospora and A. vermicola formed traps only if juveniles were present (data not shown).
Arthrobotrys oligospora captured more than 92%, and A. vermicola captured more than 88% of the J1, J3, and J4 but captured a lower percentage of the J2 (Fig. 2) . Da. cionopaga and Dr. stenobrocha tended to capture more juveniles as trap number and juvenile stage increased (Fig. 2) . The knob-producing isolates (Da. ellipsospora and Da. drechsleri) captured more J1 and J2 than J3 and J4 (Fig. 2) .
Partial Correlation Among Juvenile Size, Juvenile Motility, Trap Induction and Trapping
The partial correlation analysis among juvenile size, juvenile motility, trap induction and trapping was carried out (Table 2 ). Fungal trap induction was generally positively correlated with the juvenile size as well as juvenile motility. Trap induction of A. vermicola and Dr. stenobrocha was significantly correlated with juvenile size (P B 0.05) and that of Dr. stenobrocha and Da. ellipsospora was significantly correlated with juvenile motility (P B 0.05). Although the correlations between nematode trapped and juvenile size and motility varied positively or negatively, they were not statistically significant. 
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Nematode-trapping fungi Number of traps J1 J2 J3 J4 Fig. 1 Number of traps of six nematode-trapping fungi induced by four juvenile stages (J1-J4) of Caenorhabditis elegans. Each value is the mean (±SD) of five replications. For adhesive knobs and adhesive columns, the values were calculated by subtracting the number of spontaneously produced traps in the control (without nematodes) from the number of traps on disks with nematodes 24 h after nematode inoculation; this calculation was unnecessary for adhesive networks and constricting rings, which were not produced in the absence of nematodes 
Discussion
For all the fungi tested, juvenile motility and trap induction by C. elegans increased as the juvenile stage increased. Therefore, our results were consistent with that by Jansson and Nordbring-Hertz [30] , who reported that the induction of traps by nematodes depended on nematode motility. In contrast, Mendoza de Gives et al. [20] reported that srf mutants and the wild type of C. elegans differed in motility but did not differ in their ability to induce traps or to be captured by nematode-trapping fungi. In addition to differences in nematode motility, differences in the nematode cuticle [20] and nematode size might also explain differences in how nematodes induce traps and are trapped. Although Kumar and Singh [31] found that the nematode Hoplolaimus indicus induced fewer constricting rings of Drechslerella dactyloides than Meloidogyne incognita or Tylenchorhynchus brassicae;in spite of its larger size, the constricting ring induction of Dr. stenobrocha was positively correlated with juvenile size in this study, indicating that other factors such as the nematode cuticle characteristics may influence the formation of constricting ring.
The general correlation between the number of nematodes trapped by fungi and the number of traps [32] was supported by our data for Dr. stenobrocha and Da. cionopaga against J1, J2, and J3 of C. elegans. Singh et al. [33] also reported that the parasitism of Meloidogyne graminicola by Drechslerella dactyloides and Dr. brochopaga was positively related to the number of constricting rings induced. Nematode size determined the possibility to be captured in constricting rings [34] , which may explain why the percentage of C. elegans trapped by Dr. stenobrocha was lower with J4 than with J2 or J3 even though the J4 induced more constricting rings. Kumar and Singh [31] and Drechsler [7] also showed that large nematodes could not enter the constricting rings of Dr. dactyloides, which agreed with our partial correlation analysis that the juvenile size was negatively correlated with trapping by Dr. stenobrocha. While higher juvenile motility could increase the opportunities of nematode to enter constricting rings and to be trapped. A higher partial correlation coefficient (0.99) between nematode juvenile motility and trapping by Dr. stenobrocha was noted in this study. Da. cionopaga trapped a lower percentage of J4 than J3, perhaps because some J4 were sufficiently strong or vigorous to escape from the adhesive columns.
Adhesive knob-forming Dactylellina ellipsospora and Da. drechsleri captured more young juveniles (J1 and J2) than old juveniles (J3 and J4). One possible explanation is that surface carbohydrate reduced during juvenile maturation [35, 36] . Another possibility is that adhesive knobs stick to nematodes at only one point and J3 and J4 are better able to break free of the adhesive knobs than the younger juveniles. Current result showed that trapping by adhesive knobs was negatively correlated with juvenile size and motility. Khan et al. [37] also reported that juveniles of plantparasitic mobile nematodes were more susceptible to the attack of knob-producing nematode-trapping fungus Dactylellina lysipaga than adults.
Adhesion of endospores of the bacterium Pasteuria penetrans to Meloidogyne spp., Heterodera spp., and Pratylenchus brachyurus [38, 39] , as well as adhesion of the fungus Dilophospora alopecuri and the bacterium Clavibacter sp. (syn. Corynebacterium rathayi) to Anguina agrostis [40] , appears to be both species and stage specific. The present results demonstrated that inducement of traps increased with the maturity of C. elegans juvenile stages. In the case of fungi that produce constricting rings or adhesive columns, increased trap induction was associated with increased trapping. In contrast, those fungi that formed adhesive networks trapped fewer J2 than other stages, and knob-producing fungi trapped fewer J3 and J4 than J1 and J2. The interaction between the nematode-trapping fungi and C. elegans appears to differ with trap type and nematode stage.
